Pancreas transplants are an established therapy for type 1 diabetes mellitus (T1DM). However, they are beset with various clinical problems and cannot solve the increasing burden accrued by T1DM patients [1] . Transplantation of pancreatic islet cells into the portal vein can virtually normalize blood glucose levels, while circumventing a number of problems associated with pancreas transplantation [1] . However, this approach, including the problems associated with cadaveric organ and cell harvesting, makes these options practicable for only a few T1DM patients. Generating surrogate insulin-producing cells is feasible and rodent studies suggest that such cells may be adequate to treat T1DM [2] . However, such cells do not have the sophisticated machinery to detect glucose levels that is possessed by native islet cells. Thus, their ability to steer insulin release in response to glucose levels is not given.
The report by Unniappan and colleagues in this issue presents another option [3] . They considered the possibility of using a drug-operated system that could induce target cells to release insulin each and every time the drug stimulus is given. The drug inducing the "gene-switch" and subsequent insulin production in the cells is mifepristone. Mifepristone is notorious in other circles as a progesterone antagonist that can function as an abortifacient in the first trimester; however, the drug also has numerous other possible clinical applications. A C-terminal deletion mutant of the human progesterone receptor fails to bind to progesterone but can bind mifepristone. This mutant receptor construct can activate transcription of reporter genes containing the progesterone response element when mifepristone is present. Wang et al. [4, 5] developed this gene-switch system based on this technology that permits a regulatory system applicable for gene-transfer studies (Fig. 1) . A regulator is constructed. The transactivator gene encodes a chimeric regulator (GLVP) that consists of a VP16 activation domain, a Gal4 DNA binding domain, and a truncated progesterone binding domain that responds to mifepristone. Any promoter can be used to target the expression of the regulator to any particular cell or tissue of interest. Next, a target must be constructed. The target can be any gene with an SV40 polyadenylation signal placed under the control of a minimal promoter. Upon activation, the regulator then binds to the Gal4 sites and induces target gene expression. The regulator is inactive without mifepristone. When mifepristone is added, the activated regulator dimerizes and binds to the Gal4 DNA binding site that induces the target gene expression. Unniappan et al. used exactly this drug-dependent regulatory system [3] .
The next tool the investigators needed was a suitable cell line. They reasoned that the gut might be a source of potentially therapeutic cells. For their purpose, they selected gut K cells that have been shown to express glucokinase, the glucose sensor of pancreatic beta cells. Transgenic mice expressing human insulin under the control of a K cell-specific promoter were shown to be resistant to T1DM development induced by the beta cell toxin streptozotocin in an earlier study [6] . K cells release glucose-dependent insulinotropic polypeptide (GIP), a gastrointestinal hormone that is secreted in response to food intake and that modulates beta cell function. GIP acts on various tissues, including pancreatic beta cells, via interaction with its G protein-coupled receptor. The most important effect of GIP is its potentiation of insulin secretion. In an earlier study, the authors took advantage of a tumor-derived K cell line, stenniocalcin-1 (STC-1) cells, that was induced to produce human insulin by providing the cells with the human insulin gene linked to the 5′-regulatory region of the gene encoding GIP. In that study, they found that mice expressing this transgene produced human insulin specifically in gut K cells. This insulin protected the mice from developing diabetes and maintained glucose tolerance after the destruction of the native insulin-producing beta cells [6] .
STC-1 cells are derived from a mouse neuroendocrine tumor cell line. GTC-1 cells are a high GIP-expressing subpopulation of STC-1 cells. Two plasmids were used to establish insulin-producing GTC-1 cells. One plasmid contained a chimeric "gene-switch" protein that consisted of a progesterone receptor-ligand binding domain, a yeast GAL4 DNA binding domain, and a HSV transcriptional activation domain that was driven via a thymidine kinase promoter. The second inducible target plasmid contained the truncated human progesterone receptor construct (GAL4UAS) within the promoter and the genomic sequence of the human preproinsulin gene. GTC-1 cells were first transfected with the gene-switch protein plasmid and then stable clones were confronted with the second plasmid. Cells surviving this ordeal were then tested with mifepristone in terms of their insulin secretion. The authors then refined their cell lines and modified the gene-switch protein plasmid to replace the promiscuous tyrosine kinase promoter with promoter elements of nonsecretory cells. Thus, the resultant cells obeyed solely the mifepristone command in terms of insulin production. An appropriate mouse model (C57B6) was selected. Capsules containing the cells were delivered into the peritoneal cavity. Streptozotocin was given to kill all the endogenous islet cells in these mice.
The next question was: "How is mifepristone to be given?" Clinicians would have preferred a mifepristone dose with each meal. However, in this animal model, such an approach was not feasible. Mifepristone was implanted subcutaneously by means of a pellet. In short, the transplanted cells made insulin in response to mifepristone. Cpeptide and insulin production were demonstrated. In the mice, mifepristone administration dropped glucose levels from 23 to 5 mmol/L; levels that clinicians have difficulty achieving in clinical practice. Diabetic mice with cells, but without mifepristone, remained at 25 mmol/L glucose values for the 20-day experiment. The authors then performed repetitive dosing experiments in diabetic and control mice. Glucose decreased from 25 to <10 mmol/L on every day (days 7, 11, 15, and 22) that mifepristone was given. Thus, the notion of giving the drug initiator on a daily basis was shown in these studies. Aside from the technical "tour-de-force," what can we take home from these studies?
As the authors showed in an earlier study, native K cells can be engineered to secrete insulin in quantities sufficient to replace insulin normally produced by islet beta cells. That system had problems with overproduction of insulin perhaps related to further cell growth or diminished glucose responsiveness of the K cells [6] . The regulated geneswitch could circumvent some of these problems. In any event, the authors claim that hypoglycemia was not a problem in this study. Nonetheless, are these data relevant to patients with diabetes? The authors admit that the current model is probably not very clinically relevant. First, the cells were derived from a tumor line. Thus, there are substantial safety issues that would need to be resolved. Second, the gene-switch provides its own clinical problems. Mifepristone is an abortifacient, but aside from that, progesterone antagonism brings with it another set of clinical problems. Current clinical therapy for T1DM relies on insulin pump placement.
The dream of an artificial beta cell is an old one. Christiansen et al. [7] tested the glucose analyzer and insulin infusion modules of the Biostator system almost 30 years ago. They found that the Biostator delivered 99% of the computed required insulin. Blood glucose results from the Biostator were compared with routine laboratory methods during long-term feedback control. The device enabled normal glucose tolerance to be achieved with smaller amounts of insulin. In a far more recent study, Shenkman et al. [8] novel nanobiotechnological glucose-sensing array at the heart of a novel fluorimetric detector that relies on innovative hydrogel waveguide technology. Their ultimate goal is to devise a cybernetic, externally supervised "artificial pancreas." Finally, the beta cell transplant people appear to be making some progress as well. One approach might be packaging of functional insulin-producing cells in an immunoisolation device [9] . Thus, T1DM is approachable via various channels. Hopefully, the patients with this disease will soon have novel options from which to choose. The gene-switch idea is nice, "but it's mice." Respectfully, Friedrich C. Luft
